Abstract: Fluoride removal from aqueous solutions was studied using nanofiltration and sorption techniques which have always been best key ways to deal with water contaminated by fluoride. In this presented work, we were firstly interested on fluoridated rejected water overcoming the drawback of RO membrane process of groundwater treatment plant in Baltic region (Kretinga, Lithuania). Opoka sorbent has shown effective results of fluoride sorption with efficiency higher than 77 %. In order to understand the sorption phenomenon and to validate the results obtained, we have applied experimental data on Freundlich and Langmuir isotherms which allow us to determine isotherms parameters (KF; 1/n and KL; qmax) and to confirm the experiment. Because of the unacceptable tariff of drinking water treated by RO, defluoridation with nanofiltration method is proposed in this study as a solution which can replace reverse osmosis technique. For that, tests of nanofiltration for fluoride removal were carried out at laboratory scale by using nanofiltration flat sheet membranes (NF270 and NF90).
Introduction
The contamination of groundwater via fluorine is a class of natural pollution which is in general depends on the occurrence of fluoride-bearing minerals [1] . Fluoride can be present in groundwater naturally when conditions favor the dissolution of some fluoride minerals, such as, sellaite (MgF 2 ), fluorspar (CaF 2 ), cryolite (Na 3 AlF 6 ) and fluorapatite [3Ca 3 (PO 4 ) 2 Ca(F,Cl 2 )] [2] .
Groundwaters contaminated by high concentrations of fluoride are found in many countries around the world, notably in Africa, South Asia, China and USA [3] [4] [5] [6] . Most important concentrations of fluoride in groundwater were found in India and the Rift Valley's groundwater [7, 8] . In the western part of Lithuania the concentration of natural fluoride in water is high and varies from 1.5 to 5 mg/dm 3 [9] . In the region of Doukkala (Centre of Morocco) groundwater contains many excessive ions, especially fluoride with 3.25 mg/dm 3 concentration [10] . A detailed description on the highest concentrations of fluoride reported in groundwater of some regions around the world based on literature [4, 5] is given in Table 1 . [15] Fluorine is the world's 13th most abundant element and has the highest electronegativity. About 50 % of ingested fluoride is absorbed by bones and teeth while the rest is excreted with urine. At an optimal level, fluoride can have some positive impacts on human health by interacting with hydroxyapatite of teeth to form fluoroapatite, which is less susceptible to erosion by acid-producing oral bacteria [16] . Fluorine can have also another beneficial effect of increasing the size of apatite crystals in bones and reducing their solubility, thereafter stabilizing the skeletal system [17] . According to WHO (the World Health Organization) recommendations, the optimal fluoride level in drinking water is 1.5 mg/dm 3 [18] . In some cases, when people consume water with very high levels of fluoride, their health can be affected negatively by inducing fluorosis (dental fluorosis and skeletal fluorosis); which is a chronic metabolic disease caused by ingestion or inhalation of large amounts of fluoride [16] .
The main objective of defluoridation is to remove the excess of fluoride from aqueous solutions, and to bring it down to acceptable standards [19] [20] [21] . Sorption techniques and membrane separation processes (nanofiltration, reverse osmosis and electro-dialysis) are the most common methods used to deal with this problem; there are other processes also used for water defluoridation such as, coagulation-precipitation and ion exchange. Each technique has its advantages and limitations, while the performance and the cost present the biggest challenge. All the above approaches, which were used by many authors, are represented in Table 2 with their application on defluoridation and their performance.
Coagulation-precipitation methods always are based on chemical agents, the ion exchange requires a longer period of reaction. For this reason, methods of sorption and membrane separation are the most commonly used during water treatment from exhaustive elements. The combination of these two methods can lead us to an optimal treatment, as was reported by [22] .
Concentrate or rejected water from RO membrane represents one of the drawbacks of the membrane process, which is that the treatment of the concentrate is necessary to not affect the environment. Defluoridation of different kinds of rejected water has been studied by many authors by using different methods of treatment; one of them being membrane treatment of wastewater from a fertilizer factory with retention higher than 96 % for 17.7 mg/dm 3 of fluoride level [23] . The treatment was also investigated by precipitation techniques; using Ca(OH) 2 and CaCl 2 for the treatment of fluoride concentrate from membrane unit with an efficiency higher than 93 % for 150 mg/dm 3 of initial fluoride concentration [24] , and by CaCO 3 with 93 % of efficiency for 109 mg/dm 3 of fluoride concentration [25] .
According to the research results provided by [26] , the fluoride adsorption capacity was 25.8 mg F − /g of aluminium based adsorbent, which is high compared to commercially available activated alumina (1.8 to 1.9 mg/g). Kinetic studies showed that the rate of adsorption in continuous studies was in the range of 6.12·10 -3 to 39.3·10 −3 dm 3 /(mg·h) under different operating conditions.
The opoka stone, which is a natural sorbent rich in calcium carbonate (CaCO 3 ), was selected in order to reduce the treatment cost, to reuse the rejected water and to meet the standards of drinking water. Opoka stone sources were used in Lithuania and Poland for the last decade for drinking water and wastewater treatment due to of the low cost and its well-investigated properties.
Initial concentrations of fluoride ([F¯] Feed ) are summarized in Table 2 for different processes of membrane separation and fluoride adsorption. We were investigating low cost sorbents, due to all inhabitants complains about the high tariff of drinking water in the town which is due to the huge energy used by the reverse osmosis process and approximately 30 % water losses caused by rejected concentrated fluids. We discuss the innovation of these natural sorbents and the insight gained from their advances that can help develop cost-effective reusable technologies for practical use. This work discusses the innovation of these natural sorbents and the insight gained from their advances that can help develop cost-effective reusable technologies for practical use. Due to the mentioned above reason of unacceptable tariff for drinking water treated by RO, the co-authors of this article carried out the research of fluoride removal from aqueous solutions with two nanofiltration membranes (NF270 and NF90).
Both methods were presented with related efficiency and cost related analysis to the water company responsible for drinking water supply to all inhabitants of Kretinga town (Lithuania). Coauthors of this article propose that this article may be useful for engineering practice.
Materials and methods

The studies of rejected water
The rejected water studied in this present work comes from the groundwater treatment plant situated in Kretinga, Lithuania. The groundwater in this region is characterized by a high rate of iron and fluoride as shown in Table 3 . In general, the treatment process of the groundwater in this station firstly involves the removal of iron(II) by transforming it to iron(III) in the form of hydroxide Fe(OH) 3 via a bacteriological treatment with aeration. The iron hydroxide III then is recovered as backwash residue thanks to the sand filters. After that, defluoridation is carried out by a membrane process by using reverse osmosis. A problem arises in this process since the rejected water via membrane process has an average concentration of 3.5 mg/dm 3 and treatment of the concentrate is necessary before being released to the sewer. A schematic representation of the groundwater treatment plant is shown in Figure 1 .
The sampling and characterization of sorbents
The opoka stone, which is a silica-calcite sedimentary rock, occurs in Poland and Lithuania and has properties that qualify it for water purification [36] . Opoka sorbent has been studied by many authors, for water treatment from phosphorus [37, 38] , sorption and decomposition of coolants [39] and as carbon dioxide sorbent [40] .
The granulometric composition was determined by employing standard methods described in LST EN 933-2:2000 [41] , and investigation of microstructure was carried out by employing SEM "Quanta" 250 with secondary electron detector.
Opoka sorbent samples has been analyzed before and after treatment for each experiment by using NITON XLp XRF Analyzer which is a single unit, hand held, and high performance portable X-ray fluorescence (XRF) elemental analyzer provided from Thermo Fisher Scientific. This method was useful to characterize our sorbent and thereafter to define the responsible elements of the sorption phenomenon. Prior to analysis, the material should be dry and well homogenized. Ideally, the entire sample should be dried for approximately 2 hours at 150 °C, until the sample reaches a constant weight. Next, the sample should be milled and sifted to a fine powder until the entire fraction is able to pass through a 125 μm mesh. Then, at least five grams of the prepared sample should be placed in an XRF Sample Cup. After wards, the sample could be ready for testing with a 95 % confidence interval.
Sorption experiment
A sorption experiment was carried out on membrane process rejected water which was contaminated by fluoride and opoka stone as sorbent. Different quantities of opoka sorbent (5, 10, 15 and 20 g) were mixed with 1 dm 3 of solution by using Jar-test as a mixer-test for 30 min with an average rotation, and then each solution was left to stand for 30 min. During the experiment, the fluoride concentration was analyzed by a spectrophotometer (Spectroquant Nova 60 MERCK). The conductivity and pH were also controlled during the experiment.
Equilibrium isotherm analysis
Freundlich isotherm. In order to define the efficiency and the equilibrium sorption of opoka sorbent, we were intrigued to apply the previous results on the Freundlich Isotherm, which was originally developed as an empirical model, which is written as follows [33, 42] ) 1/n mg (1-1/n) /g], and 1/n is the Freundlich exponent.
Langmuir isotherm. The Langmuir isotherm, which assumes monolayer sorption onto a sorbent surface, can be expressed by the following linear equation [33, 41] :
where
/mg] is the constant of Langmuir isotherm and q max [mg/g] relates to the maximum sorption capacity.
To decide if the sorption process is beneficial or inappropriate for the Langmuir type sorption process, the isotherm can be described by a term R L , a dimensionless constant, the separation factor which is expressed by the following equation:
where C 0 is the highest, initial solute concentration in the liquid phase. The R L value implies that sorption is unfavorable (
Nanofiltration experiment
Tests of filtration have been done at laboratory scale with a planar cross flow module provided by the company Osmonics for flat sheet NF membranes with an area of 138 cm 2 .
The module also has a hydraulic clamping system used to work up to 6.9 MPa of pressure. The unit also has a pump HP (Wanner, USA) which features a feeding circulation speed regulator. The total volume of the system is 5 dm 3 . A schematic representation of the equipment is illustrated in Figure 2 . The study was conducted on Polyamide Thin-Film Composite nanofiltration membranes (NF270 and NF90), provided by the company FilmtecDow. These membranes have a maximum temperature of 45 °C, maximum pressure of 4.1 MPa and operating pH range from 3 to 10.
Operational parameters. The performance of membrane retention can be evaluated by the observed rejection rate R obs which can be written with the following equation:
where C 0 and C p define the concentration of fluoride in the feed tank and in permeate respectively. Due to being based on Darcy's law, the hydraulic permeability with pure water of a membrane represents the permeate flux as a function of the applied pressure:
where J v [dm ] is the hydraulic permeability with pure water. The conversion rate Y was fixed at 15 % in the system during filtration process due to the following equation:
where Q 0 and Q p define the feed flow and the permeate flow respectively. NF surface characterization [42] . The surface imagery was examined with the scanning electron microscope (SEM) JSM-7600F (JEOL). The scanning of NF membranes was performed at accelerating voltage: 4 and 10 kV, the mode of secondary electrons was used in image formation. The examined samples were covered with a layer of electricity conducting material, using device QUORUM Q150R ES.
Results
Granulometric composition and microstructure of opoka sorbent
Granulometric composition of opoka sorbent was determined as shown in Figure 3 . The opoka stone particles granulometric composition has high amount of smaller particles which size is between 0.07 and 0.14 mm. Fig. 3 . Granulometric composition of the opoka sorbent SEM instrument provided enlarged pictures of sorbent surface and some composition of compounds (i.e. see Figure 4 ). The absorbent particle size was smaller than 0.63 mm. It can be seen in Figure 4 that every absorbent particle is covered in small crystals, mainly flat form crystals, which size is about 1 micrometer. Small flat form crystals on particle surface enlarge every particle's surface area. Results in [weight %] of all elements analyzed for spectrum 1 and spectrum 2 selected in Figure 4 are shown in Table 4 . Table 5 presents some physicochemical characteristics of the membrane process rejected water studied before and after treatment with opoka sorbent. According to the values of fluoride concentration, fluoride sorption was done for all experiments. At equilibrium and from 15 g of opoka sorbent, all parameters of pH, conductivity and fluoride concentration meet Lithuanian standards of drinking water, which means that the sorption process can be combined with the membrane process to produce drinking water with a higher production rate.
Sorption efficiency
X-ray characterization
In order to characterize opoka sorbent, we have analyzed them after drying with the X-ray fluorescence (XRF) method. The elemental profiles of opoka sorbent obtained are shown in Table 6 . The results of XRF showed that the opoka sorbent is a material rich with calcium. The majority of the other elements detected in the sample were present in minor or trace quantities. After combining and analyzing the results in Tables 5 and 6 , it can be noted that fluoride has strongly reacted with the calcium-containing compound from opoka sorbent, generally as CaCO 3 [36] , since the amount of calcium in opoka has decreased compared to other elements.
Equilibrium isotherm parameters
In any sorption experiment, C e can be measured and q e can be calculated for series of different conditions as shown in Table 7 . Then logq e can be plotted as function of logC e for Freundlich isotherm (i.e. see Figure 5a ) or 1/q e as function of 1/C e for Langmuir isotherm as shown in Figure 5b . Table 7 The necessary parameters for equilibrium Isotherm application Experimental data from tests of opoka sorption onto fluoride in rejected water were fitted to the linear forms of isotherms (equations (2) and (3)) which are graphically represented in Figure 5 . The results indicate that in this case the Langmuir isotherm equation (R 2 = 0.97) provided a better mathematical model or higher coefficient of determination to describe the adsorption equilibrium than Freundlich isotherm equation (R 2 = 0.94). From the slope and intercept of the plot of each model we have determined the parameters of isotherms which are listed in Table 8 . Table 8 Equilibrium parameters of Freundlich isotherm and Langmuir isotherm determined from experimental data plotted in Figure 5 for fluoride sorption The R L = 0.1289 value implies that sorption is favorable according to Langmuir isotherm conditions (0 < R L < 1). The maximum obtained sorption capacity of opoka sorbent was approximately 0.223 mg/g which is lower than the commercially produced aluminum based sorbents. Co-authors of this article were looking for cost efficient sorbent and opoka sorbent is appropriate due to it being a wasted material from excavation sites, while building construction sectors are only interested in big size fractions. Aluminum based exhausted sorbents are very expensive to reuse or to manage in the environment. Activated carbon sorbent was investigated in the water treatment plant of Kretinga town and it only provided negative results. Engineers responsible for drinking water treatment from a related Water Company were interested in the opoka sorbent usage and they continue research with opoka and similar sorbents. According to Environmental Law of Republic of Lithuania we proposed to incorporate exhausted opoka sorbent in cement production materials for local market use.
SEM characterization of NF membranes
After sampling surfaces of NF270 and NF90 were scanned by SEM. The images obtained ×5000 are shown in Figure 6 .
From Figure 6 , it can be obviously seen that NF70 has a smoother surface comparing to NF90 which contains many thin pricks with a complicated structure. In literature a previous study [43] with AFM technique has shown that NF270 represents lower roughness than NF90 which can explain the surface images obtained by the SEM technique. In general, the greater the degree of surface roughness is, the greater the surface area is available for foulants [45] . 
Membrane permeability
Before studying the performance of membrane retention, we were firstly focused to get more information about membrane permeability to form an idea about the productivity flux for each studied NF membrane, which can help to make the choice of a membrane for a given application. The results of hydraulic permeability (L p ) of pure water, permeability (L p ') with NaF solution (10 mg/dm 3 of F -in solution) and critical pressure (P c ) are provided in Table 9 . Table 9 Hydraulic permeability with pure water (Lp) hydraulic permeability with saline water (10 mg/dm 3 of F -solution) (Lp'), critical pressures (Pc) for NF270 and NF90 The difference in permeability was directly related to their different pore diameter [44, 45] . From the evolution of permeate flow rate of the saline solution basing on Eq. (5) as a function of pressure, it is possible to estimate the critical pressure beyond the starting filtration pressure to the flow of solvent J v = 0. For the studied NF membranes (NF270 and NF90), the critical pressure is under 0.2 MPa. The accumulation of NaF on the membrane surface is usually limited by the high flow rate and the imposed low conversion rate [17] .
Fluoride rejection in single salt solution
Fluoride retention has been studied using NaF solutions at different concentrations of fluoride (5 and 10 mg/dm 3 ). Usually, to compare the selectivity of different NF membranes for fluoride removal, the graph of the observed retention (R obs ) as function of the applied pressure (∆P) is used (see Fig. 7 ). For the two studied NF membranes the data obtained at ∆P = 0.4, 0.8 and 1.2 MPa are reported in Table 10 . According to Figure 7 , NF90 gives better retention rate than NF270 for 5 mg/dm 3 and 10 mg/dm 3 of fluoride. In case of NF90, fluoride retention can reach 92 % at 5 mg/dm 3 while in case of NF270 fluoride retention reaches 67 %. The retention amount in NF membranes is highly dependent on the pores' size. The influence of the concentration on fluoride retention reveals a fairly wide gap at low pressure (between 0.2 and 0. 4 MPa) for NF90 between both retentions of F¯, while in case of NF270, this difference is noticed at pressure higher than 0.6 MPa. This influence of the concentration on fluoride retention can be explained by the phenomenon of concentration polarization [46] . Generally, NF membranes allow us to have partial and selective demineralization in addition to an important production flow, which makes the nanofiltration technique competitive to reverse osmosis [47] .
Conclusions
• The experiments have shown good performance of opoka sorbent for fluoride removal from membrane reject water with an efficiency higher than 77 %. • X-ray characterization showed that opoka stone is a material rich in calcium, which can be the responsible element of fluoride sorption.
•
The application of results on equilibrium isotherms revealed that Langmuir isotherm provide better linearity with a coefficient of determination R 2 = 0.97, while Freundlich isotherm has provided a coefficient of determination R 2 = 0.94. The parameters of isotherms determined allowed us to give an idea about the maximum sorption capacity of opoka sorbent (q max = 0.223 mg/g).
•
In case of membrane process, it has been shown that NF90 membrane can retain 90 % of fluoride ions, while NF270 can retain 66 %.
The results of permeability reveal to us that NF270 membrane is more productive when comparing to NF90 membrane.
The combination of nanofiltration technique with sorption process can lead us to an optimal treatment of fluoride from the groundwater of Kretinga town (Lithuania) with lower cost than when using RO and without harming the environment.
